Phoshpatidyl inositol 3' OH kinase (PI3K) signaling and FOXO transcription factors play opposing roles at several B cell developmental stages. We show here abundant nuclear FOXO1 expression in the proliferative compartment of the germinal center (GC), its dark zone (DZ), and PI3K activity, downregulating FOXO1, in the light zone (LZ), where cells are selected for further differentiation.
Introduction
B cell differentiation is characterized by phases of cellular proliferation followed by periods during which the cells assume a resting state to further differentiate or persist in the system. An early period of proliferative expansion occurs in B cell progenitors in the bone marrow upon pre-B cell receptor expression (pre-BCR) (Reth and Nielsen, 2014) . This event initiates a few rounds of division upon which the cells become resting small pre-B cells and differentiate into immature, BCR-expressing B cells. Upon transit into the peripheral immune system, some of these cells mature into resting peripheral B cells, which can persist for long periods of time. A second phase of cellular expansion occurs when mature B cells are driven into T-cell-dependent immune responses in a process called the germinal center (GC) reaction , Shlomchik and Weisel, 2012 , Cyster, 2010 , Zotos and Tarlinton, 2012 , De Silva and Klein, 2015 .
In GCs, antigen-activated B cells undergo consecutive and cyclic phases of proliferation in the so-called GC dark zone (DZ), followed by a non-proliferative state in the GC light zone (LZ), where the cells are selected for DZ reentry or differentiation into memory B or plasma cells. Both pre-B cell differentiation in the bone marrow and the GC reaction in secondary lymphoid tissues involve genome editing in order to generate antibody diversity, through VDJ recombination in the former and somatic hypermutation (SHM) and class switch recombination (CSR) in the latter case. In both scenarios this is accompanied by stringent selection of cells expressing appropriate antibody specificities. However, Recombination activating gene (RAG)-mediated VDJ recombination occurs in resting cells, whereas SHM takes place in proliferating GC cells, predominantly in the DZ. The site of CSR has not been firmly established.
Earlier work has identified two antagonistic players in the control of proliferation versus differentiation in pre-B cell development. Here, proliferative expansion is dependent on activation of phosphatidyl inositol 3' OH-Kinase (PI3K) signaling, which inhibits key transcription factors controlling cellular differentiation, namely Forkhead box transcription factors of the FOXO family, in keeping with the wellestablished role of FOXO transcription factors as tumor suppressors (Paik et al., 2007 , Xie et al., 2012 , Obrador-Hevia et al., 2012 . Downregulation of PI3K activity and expression of FOXO transcription factors leads to the arrest of the cells in G1 phase and initiation of gene rearrangements at the IgL loci (Herzog et al., 2008) . When the cells emerge from this differentiation process as mature, resting B cells, a BCR dependent "tonic" PI3K survival signal associated with downmodulation of FOXO1, becomes of vital importance (Srinivasan et al., 2009) .
Thus, at different stages of B cell differentiation and in a dose-dependent manner PI3K signaling can promote either cellular proliferation or survival, in accord with a large body of evidence obtained in other cell types (Engelman et al., 2006 , Vanhaesebroeck et al., 2010 , Thorpe et al., 2015 .
Activation of PI3K signaling through ablation of its antagonist Phosphatase and tensin homolog (Pten), or indeed Foxo1 deletion in mature B cells, interferes with CSR in T-cell-dependent antibody responses in vivo and activated B cells in vitro 6 (Suzuki et al., 2003 , Omori et al., 2006 , Dengler et al., 2008 . Similarly, CSR is enhanced in activated B cells in culture by PI3K inhibition (Omori et al., 2006) .
There is suggestive evidence that these regulatory processes operate through the control of activation-induced deaminase (AID) expression by FOXO proteins.
This earlier work implicates a regulatory role of FOXO1 in mature B cells but failed to address the interplay of PI3K signaling and FOXO1 in the GC reaction.
In brief, and in stark contrast to the situation in pre-B and mature B cells, we here report a crucial role for FOXO1 in the formation and/or maintenance of the GC DZ where GC B cells classically proliferate and undergo SHM. Upon GC B-cellspecific FOXO1 ablation or enforced PI3K activity, GCs developed, but lacked a discernible DZ. Although AID expression was not affected and SHM was only mildly reduced, CSR was largely ablated and the proper selection of high-affinity somatic antibody mutants was strongly disturbed. Together these findings indicate that the differential activation of PI3K and FOXO1 in mature B cells entering the GC reaction governs the sequence of proliferation, differentiation and selection processes in this microenvironment.
Results

DZ and LZ GC B Cells Display Differential PI3K and FOXO1 Activity
To study PI3K and FOXO1 activity in GCs, we immunized mice in which expression of a YFP reporter is initiated in GC B cells (C1-cre, R26 YFP stopfl ) 7 (Casola et al., 2006) , with sheep red blood cells (SRBCs) and analyzed the GC response in the spleens of these animals 10 days later. Immunofluorescence and intracellular flow cytometry analysis revealed polarized PI3K signaling pathway activity in GCs: pAKT (S473) expression, which serves as a readout of active PI3K, was selectively increased in LZ compared to DZ cells ( Figures 1A and 1B) .
The specificity of the pAKT antibody was demonstrated in control experiments where a pAKT (S473) blocking peptide abrogated antibody binding. In contrast, FOXO1 localized predominantly to the nucleus of DZ cells and was hardly detectable in most cells of the LZ ( Figure 1C ). Co-staining for surface IgM showed that the vast majority of FOXO1-expressing cells were indeed GC B cells ( Figure S1A ).
Thus, PI3K activity is largely restricted to B cells in the GC LZ; and the proliferating DZ B cells abundantly express nuclear FOXO1.
GC B cells Can Be Detected in Conditional Mouse Models of Constitutive
PI3K Activation or FOXO1 Ablation
To directly address the functional role of PI3K signaling and FOXO1 in the GC reaction, we took advantage of a conditional mouse model that allowed the ablation of FOXO1 (Paik et al., 2007) and activation of a YFP reporter gene in early GC B cells. In parallel, we analyzed animals in which PI3K signaling was induced in GC B cells by expression of a constitutively active form of the catalytic PI3K subunit P110 (called P110*) coupled to GFP via an internal ribosome entry site (IRES) sequence (Srinivasan et al., 2009) or enhanced by cre-mediated ablation of Pten (Lesche et al., 2002) and Figures S1B and S1C). We also found that Foxo1 deletion in reporter geneexpressing GC B cells was highly efficient ( Figure S1D ) and did not lead to significant upregulation of Foxo3 or Foxo4 mRNA ( Figure S1E ). Similarly, in Peyer's patches GC B cell development or maintenance was not affected by PI3K activation or Foxo1 deletion, with detection of reporter-positive cells at the expected lower frequency (Figures 1G and 1H; (Casola et al., 2006) ).
Thus, constitutive PI3K activation or FOXO1 inactivation at an early stage of GC formation does not interfere with the generation of GC B cells.
GC DZ Formation Depends on PI3K Inactivation and Nuclear FOXO1
In contrast to the normal overall numbers of GC B cells, DZ and LZ compartmentalization was profoundly disturbed in the mutant animals both in splenic GCs formed upon immunization and chronic GCs in Peyer's patches (Figures 2A, 2B and 2C) . CD86 and CXCR4 expression serve as established markers to define the two compartments by flow cytometry analysis . In control animals DZ cells outnumbered LZ cells as previously described (Victora et al., 2010) . In contrast, the splenic GC B cell compartment of analysis. In DZ and LZ cells from three immunized control animals (day 10 after SRBC injection) we identified 774 differentially regulated probe sets (corresponding to 584 genes) by a class comparison analysis (p<0.01; paired t test with random variance model; Table S2 ). The correct assignment of independent DZ and LZ samples validated the relevance of these genes ( Figure S2B ). In a hierarchical cluster analysis based on the newly generated gene signature P110*-expressing and FOXO1-deficient GC B cells resembled more closely LZ than DZ cells ( Figure 2D ). Indeed, about 2/3 of the DZ-associated gene program (511 out of 774 probe sets corresponding to 206 out of 584 genes) was lost in the mutant cells (Table S2) Figure 2D ).
The supervised clustering was not exclusively dependent on the proliferative activity of the cells as removal of proliferation-associated genes (n = 106) from the signature did not change the clustering pattern ( Figure S2D ). Gene Set Enrichment Analysis (GSEA) showed that the normal DZ transcriptional program is highly enriched in FOXO1-proficient versus -deficient GC B cells ( Figure 2E ).
Within the genes differentially regulated between these cells (Table S3) we identified factors controling the premature exit of GC B cells (Bach2, Prdm1, Irf4) (De Silva and Klein, 2015) . In the absence of FOXO1, Bach2 was reduced and thus expression of the master regulator of plasma cell differentiation Prdm1 increased. In vitro activation of mutant cells confirmed previous reports (Dengler et al., 2008) demonstrating increased plasma cell differentiation in FOXO1-deficient B cells compared to controls ( Figure S2E ). As in LZ cells, Irf4 expression was upregulated in FOXO1-ablated GC B cells, suggesting an additional mechanism of FOXO1-mediated GC maintenance control. In contrast, DNA-repair-associated genes (like Fanconi gene family members, Brca1 and Neil1) were downregulated. Some of these genes have previously been linked to GC programs like DNA editing and B cell expansion (Nguyen et al., 2014 , Mori et al., 2009 , Bjorkman et al., 2015 . To directly address clonal recruitment and affinity maturation in PI3K-activated and FOXO1-deficient GC B cells we analyzed the response of mutant mice to the hapten 4-hydroxy-3-nitro-phenylacetyl (NP) coupled to chicken gamma globulin (CGG). In wild-type mice, this response is dominated by Ig + antibodies expressing the V186.2 IgH chain, in which the W33L mutation serves as a marker for affinity selection (Allen et al., 1987) . However, in P110* and (Figure 2A ), a protein essential for GC DZ formation and suggested to be required for the proper selection of somatic antibody mutants in the GC reaction (Allen et al., 2004 , Bannard et al., 2013 ). An essential step in the selection of cells expressing high-affinity antibody mutants is the recruitment of LZ cells back into the GC DZ (Victora et al., 2010 , Oprea and Perelson, 1997 , Gitlin et al., 2014 . In previous work, we and others had identified these cells as a minority of LZ B cells, namely those expressing the transcription factor c-MYC 
CSR Is Blocked in LZ-like GC B Cells with Enforced PI3K Signaling or
FOXO1 Ablation
In contrast to SHM in PI3K and Foxo1 mutant GC B cells, we hardly found immunoglobulin isotype-switched cells in these cell populations. In the SRBC response, splenic GC B cells underwent CSR predominantly to express IgG1 and IgG2, but GC cells expressing these isotypes at the cell surface were strongly reduced in the spleens of immunized mutant animals (Figures 6A, 6B and S5A).
There was also a profound reduction of IgA-expressing GC B cells in the Peyer's patches of the mutants ( Figure 6C ). In contrast, switching to IgG3, minor in the anti-SRBC response, seemed hardly affected ( Figure S5B ).
CSR involves a synapse between the recombining switch regions and the initiation of transcription from promoters upstream of the switch regions involved.
The corresponding so-called germ-line transcripts (GLTs) support the switch region targeting of AID to produce staggered single-strand DNA breaks through which switch region recombination is accomplished (Chaudhuri et al., 2007, Pavri and Nussenzweig, 2011) . As AID expression appeared undisturbed in the mutants ( Figures 4B and 4C ) and the downstream machinery of CSR seemed intact given the undisturbed switching to IgG3 (Figure S5B ), we analyzed whether FOXO1 activity was required to regulate AID targeting to switch regions. Therefore, GLT transcription for the various isotypes in GC B cells from immunized mutant and control animals was assessed and GLT expression was compared to those of post-switch transcripts (PSTs) in the same samples. The results indicated similar or even higher GLTs in mutants compared to controls for the upstream region of S ( Figure 6D ). In contrast, 1 GLT expression tended to be reduced in all mutants ( Figure 6E ) and fewer 2b GLTs were detectable in P110* GC B cells compared to controls ( Figure S5C ), although the data exhibited substantial scatter in several instances. 3 GLTs were not diminished in the mutants ( Figure S5D ). The PSTs of 1, 2b and 3 in the mutant and control cells were in accord with the percentage of switched GC B cells as detected by flow cytometry (Figures 6E, S5C and S5D) , suggesting a CSR defect upstream of DNA recombination in PI3K-activated or Foxo1-deleted GC B cells. In a second, more direct approach, we addressed whether PI3K activation or Foxo1 deletion affected the targeting of the switch regions by AID, through sequence analysis of the DNA immediately upstream of such regions. This approach is based on the earlier discovery that in the switching process these stretches of DNA accumulate footprints of AID activity in the form of somatic mutations (Petersen et al., 2001 , Nagaoka et al., 2002 , Reina-San-Martin et al., 2003 . Extensive somatic mutation was indeed evident upstream of S in the controls, but it was clearly reduced in the mutants, most prominently in FOXO1-ablated cells ( Figure   7A ). In all cases, the cytosine-targeted mutations on both the transcribed and non-transcribed strands demonstrated a strong AID hotspot sequence motif preference (i.e., AGCT, mutated base underlined) ( Figure 7B ), and the distribution of the mutations along the DNA was similar to earlier results ( Figure   7C ) (Xue et al., 2006) . With respect to downstream switch regions, we detected substantial numbers of mutated sequences only for S1, with a similar clear reduction of mutations in the various mutant cells ( Figure S6 ). Together, these findings indicate that ablation of FOXO1 impairs AID targeting to particular switch regions.
Discussion
PI3K signaling and the expression of FOXO transcription factors, which PI3K activity antagonizes, have been shown to play opposing roles in pre-B cell development, with PI3K controlling proliferative expansion and FOXO1 playing a crucial role during pre-B cell differentiation through IgL chain gene rearrangements (Herzog et al., 2008) . The results reported here establish distinct roles for PI3K and FOXO1 activity for a later phase of B cell expansion, diversification, and selection, namely the GC reaction. Paradoxically, however, in this case it is FOXO1 that was highly expressed and active in the proliferative compartment (i.e., the GC DZ), and PI3K activity was largely restricted to the LZ where the cells are selected on the basis of antibody affinity for reentry into the DZ or differentiation into memory B or plasma cells. Although FOXO1 expression in highly proliferative cells is at odds also with its well-established role as a tumor suppressor (Paik et al., 2007 , Xie et al., 2012 , Obrador-Hevia et al., 2012 , recent evidence attests to its ability to function as an oncogene in certain cellular contexts (Sykes et al., 2011 , Naka et al., 2010 . Of particular relevance in connection to the GC reaction are recurrent activating mutations of FOXO1 in GC B-cell-derived lymphomas, where the mutant FOXO1 is resistant to PI3K inactivation (Trinh et al., 2013) . It remained unclear from this work, however, whether FOXO1 mutations and PI3K activation coexisted in the same cells. That this scenario is indeed possible is strongly supported by the detection of similar In contrast to SHM, CSR was severely hampered in the PI3K and Foxo1 mutants. Earlier work has identified FOXO1 as an essential regulator of CSR, but its activity has been ascribed to the control of AID expression, as studied in mitogen and IL4 activated naive B cells in vitro (Dengler et al., 2008) (Wuerffel et al., 2007 , Gostissa et al., 2014 (Casola et al., 2006 , Srinivasan et al., 2009 , Paik et al., 2007 , Lesche et al., 2002 . Animals were bred in our mouse colonies at the Immune Disease Institute (Boston) and Max Delbrück Center (Berlin). For T cell- 
BrdU incorporation experiments
Animals were immunized with SRBC and 10 days later 1mg BrdU (BD PharMingen) was intraperitoneally injected. 3 hours after BrdU injection the animals were sacrified and splenocytes were analyzed by flow cytometry for BrdU incorporation (BrdU Flow Kit; BD PharMingen). 
Flow Cytometry and cell sorting
A detailed list of the antibodies is provided in Supplemental Information. In the analysis of hapten binding 4-hyroxy-3-nitro-5-iodophenylacetyl (NIP) was used instead of NP, because of its 10 times higher affinity to Ig + anti-NP antibodies (Allen et al., 1987) .
Immunofluorescence analysis
Spleen sections from immunized control and mutant animals were frozen in OCT The sections were analyzed on a KEYENCE microscope.
Quantitative RT-PCR
Total RNA from sorted cells was extracted using the AllPrep DNA/RNA Kit (QIAgen) and cDNA was synthesized using random hexamer primers and the Thermoscript RT-PCR system (Invitrogen). For quantitative RT-PCR we used Power SYBR Green, followed by analysis with the StepOnePlus system (Applied Biosystems). Samples were assayed in triplicate and messenger abundance was normalized to that of Hprt. Primer sequences are provided in the Table S1 .
Mass spectrometry based protein quantification
Proteins extracted from GC B cells of control and mutant animals (day 10 after SRBC immunization) were digested and subjected to online liquid chromatography-tandem mass spectrometry (nanoLC-MS/MS) analysis. A detailed description is provided in Supplemental Information.
IgH somatic mutation analysis
25
Genomic DNA was prepared from sorted GC B cells of SRBC immunized animals and the analysis was performed using published procedures (Jolly et al., 1997 , Xue et al., 2006 . Sequence analysis of the IgH region of NP specific GC B cells was performed as previously described (Kaji et al., 2012) . Primer sequences are provided in the Table S1 .
Statistical analysis
Data were analyzed using unpaired two-tailed student's t-test, Wilcoxon-MannWhitney test and Fisher's exact test, a p value 0.05 was considered significant.
Gene expression profiling and data analysis
Gene expression profiling was performed on GC B cell samples using Affymetrix GeneChip Mouse Genome 430 2.0 Arrays according to the manufacturer's recommendations (Affymetrix).
ACCESSION NUMBERS
The complete microarray data are available at the Gene Expression Omnibus 
